We present the first case-control study addressing both fracture occurrence and fracture mechanisms in Rett syndrome (RTT). Two previous studies have shown increased fracture risk in RTT. This was also our hypothesis regarding the Danish RTT population. Therefore, we investigated risk factors associated with low-energy trauma and the association to methyl-CpG-binding protein 2 (MECP2) mutations. A total of 61 female patients with RTT and 122 healthy controls matched according to age and pubertal/ menopause status were examined by questionnaires, bone biochemical markers in blood, and clinical and x-ray evaluations. National register search on fracture diagnoses was done to obtain complete fracture histories. Our results showed that patients with RTT sustained significantly more low-energy fractures from early age compared with controls, even though overall fracture occurrence apparently was not increased. Low-energy fractures were significantly associated with less mobility and lack of ambulation. Associations with MECP2 mutations or epilepsy were not demonstrated, contrary to previous findings. Blood biochemistry indicated a possible need for D vitamin supplementation in RTT. Our study casts light on fracture occurrence in RTT and points to a need for future research in bone development and fracture risk to establish directions for improved prevention and treatment of low-energy fractures in RTT. (Pediatr Res 69: 359-364, 2011) R ett syndrome (RTT) is a severe neurodevelopmental disorder, affecting mainly females because of de novo mutations in the X-linked gene, methyl-CpG-binding protein 2 (MECP2) located at Xq28 (1). RTT has a worldwide distribution with a prevalence of 1:10,000 in Denmark (2). Classical and atypical forms of RTT have been described (3,4) giving a broad spectrum of symptoms (5).
R ett syndrome (RTT) is a severe neurodevelopmental disorder, affecting mainly females because of de novo mutations in the X-linked gene, methyl-CpG-binding protein 2 (MECP2) located at Xq28 (1) . RTT has a worldwide distribution with a prevalence of 1:10,000 in Denmark (2) . Classical and atypical forms of RTT have been described (3, 4) giving a broad spectrum of symptoms (5) .
Most females with RTT are growth retarded (6), but descriptions of other bone-related symptoms such as fractures and bone mass are not included in clinical scales evaluating severity scores in RTT (7) . One study showed that patients with RTT are at almost 4-fold increased risk of getting a fracture (8) .
Low bone mass is seen in RTT (9 -14) , and an association between low bone mass and fractures in RTT has been found in three studies (9, 13, 15) . Furthermore, a diagnosis of epilepsy and treatment with antiepileptic drugs (AED) have been associated with fracture occurrence in RTT (8, 9, 16) , whereas an association to mobility is less clear (8, 9) .
The aim of this case-control study was to investigate the prevalence of fractures in the Danish patients with RTT with known MECP2 mutations. We wanted to compare fracture mechanism and age at first fracture event in patients with RTT with healthy controls. Furthermore, we wanted to examine whether risk factors such as mobility status, fall tendency, epilepsy, antiepileptic treatment, and vitamin D status were associated with fracture occurrence within RTT. Our hypothesis was that an increased risk of fractures was present in patients with RTT, possibly related to MECP2 mutation types and risk factors associated with low-energy trauma.
METHODS

Participants.
Patients were recruited from the Danish Centre for Rett syndrome at the Kennedy Center. Only females with RTT and a MECP2 mutation were included for examination. Healthy controls were matched according to sex, age, and pubertal/menopausal status and recruited from Hvidovre municipality in Copenhagen. Possible controls were found searching the Central Person Registry [containing identification number and other civic data on every inhabitant in Denmark; Fig. 1 , Table 1 (17), and Table 2 ].
Measurements. Fracture occurrence was evaluated by means of questionnaire, national register research, and x-ray examinations. Fractures were classified into low-energy fractures (spontaneous fractures, no known trauma or falls within ones height) and high-energy fractures (falls from one level to another or activity involving speed). Only specified fractures of the spine, the upper arm, forearm, upper leg, and lower leg were compared. Possible risk factors were examined with questionnaire, blood sampling, and clinical evaluations. Censoring date for fractures was examination date.
The MECP2 mutations were divided into four different mutation types, based on the expected functionality of MECP2: mutations leading to early truncation before nuclear localization signal (NLS), mutations leading to late truncation after the NLS, C-terminal mutations, and missense mutations.
Personal caregivers for patients with RTT and controls filled in a validated composite questionnaire with different items including fracture age, location and mechanism, supplemented with items on fall tendency within the past 6 mo, current average mobility and weight bearing when walking, standing and sitting, best ability to walk ever, a diagnosis of epilepsy, current seizures, and current and former treatment with AED regarding patients with RTT. Of these, 10 (16%) randomly selected patients had their supplementary questionnaire items validated by repeating their answers concerning risk factors 2-3 wk later. Nonresponders were contacted in case of missing information on questionnaire items and complete answers were obtained.
A reported fracture was confirmed by a history of x-ray, operation, or treatment with casts or splints in a standardized way. When fractures were reported in the questionnaire, medical records were retrieved to verify fracture diagnosis. A registry search of the National Patients Registry (NPR) (18) for relevant fracture diagnoses among cases and controls was completed in January 2010 to enhance full fracture data sampling.
We retrieved all data according to fracture diagnoses concerning fractures of the thoracal and lumbal spine, the humeral bones, the ulnar and radial bones, the femoral bone, and the tibial, fibulal, and patellal bones within both the ICD-8 and ICD-10 (http://www.who.int/classifications/icd).
Cases were examined with anteroposterior and lateral projections of x-rays of the thoracal-lumbal spine, unless a high-quality anteroposterior and lateral x-ray examination had been performed within 1 year before examination date and could be obtained. An experienced child radiologist evaluated the radiographs according to Genant's semiquantitative assessment (19) . Controls were examined by Vertebral Fracture Assessment (VFA; Hologic Discovery A, Hologic, Inc., Bedford, MA) if they are older than 50 y or if they had a previous history of possible vertebral fractures. VFA is a lateral projected DXA (dual-energy x-ray absorptiometry) scan of the spine with low-radiation exposure applied in screening of vertebral fractures (20) . If not conclusive, an x-ray was taken as for cases.
Fasting blood samples were analyzed to determine red and white blood cell count, renal and liver function, thyroid status, and calcium metabolic parameters such as calcium, PTH, and 25-OH vitamin D (Immunoassay, DiaSorin S.p.A., Sallugia, Vercelli, Italy) status in cases and controls. A value for 25-OH vitamin D Ͼ50 nmol/L was accepted as normal.
Statistical analysis. Case-control characteristics, MECP2 mutation data, fracture persons, and fracture events were summarized in total numbers and percentages. Median and range was used when data were not normally distributed. Because some cases and controls had more than one fracture, both fracture persons and fracture events were compared. Categorical data regarding low energy and total fracture persons and fracture events among cases and controls were sufficient in numbers to be compared using OR with a 95%-CI. To test further, we also applied 2 tests for large sample sizes and Fisher's exact test when expected cell counts were Ͻ5 for comparing number of persons with fractures among cases and controls. Comparison of potential risk factors among cases with and without low-energy fractures were made by 2 test or Fisher's exact test as formerly described.
Continuous data for age distributions and D vitamin levels in cases and controls were not normally distributed and compared using the nonparametric Mann-Whitney U test. The 2 tests were applied for comparing proportions of D vitamin samples in summer and winter among cases and controls.
Kappa coefficients, , were used to test intrarater reliability of categorical questionnaire items on potential fracture risk factors. The values Ͼ0.70 were considered acceptable. Two sited levels of p Ͻ 0.05 were considered significant. Calculations were performed with commercial software (SPSS, version17.0, Chicago, IL).
Calculation of sample size. A case-control ratio of 1:2 was chosen to minimize the risk of a type 2 error. Calculation was based on a risk of a type 1 error of 5% and a risk of a type 2 error of 85%. With an estimated 2% fracture incidence in the control group and an estimated fracture proportion of 30% in the case group, unequal sample size calculations recommended a minimum number of 48 controls and 24 cases (21) .
Information and ethical aspects. Informed consent and assent were received from all participants according to the guidelines of the local ethics committee. The study was approved by the Danish Data Protection Agency and the local ethics committee and performed according to the Helsinki Declaration. 
RESULTS
A total of 61 cases with RTT and 122 healthy controls participated in this study. Distribution of age, puberty, and menstruation status was equal among cases and controls (Table 1) (17) . Of cases, 57.4% aged 6 -25 y and 42.6% aged 26 -60 y. Because of the growth retardation in RTT, controls were not matched by height and weight. Table 2 shows the distribution of mutation types of included Rett cases. Included and nonincluded cases with RTT did not show significant different distributions of mutation types, p ϭ NS (Fig. 1) .
According to the NPR, 13 No fractures of the spine were registered in the NPR or reported in the questionnaire. In the eldest Rett case, x-ray examination showed vertebral compressions of Ͼ20% of the total vertebral height involving five vertebras. Fracture mechanism was unknown. Among controls, 17 had VFA done with no evidence of fractures, and one had a supplementary x-ray of the spine taken without fracture signs.
There was no significant difference between the relative number of cases and controls sustaining fractures and no significant difference between the two groups as to fracture events (Table 3 ). Significant differences were found concerning low-energy fractures between cases and controls in number of persons and as fracture events (Table 3) . Tables 4 and 5 summarize the types and distribution of fractures. Cases tended to fracture mostly the lower limb by low-energy mechanisms, whereas controls tended to fracture mostly the upper limb by high-energy mechanisms.
The first nonvertebral fracture event occurred for most cases, 77.3% (17 of 22), and controls, 81.8% (27 of 33), younger than 15 y. Regarding low-energy fractures, 91.7% (11 of 12) of cases and 62.5% (5 of 8) of controls with low-energy fractures sustained such a fracture before the age of 15 y. No significant difference was seen in fracture occurrence between the different categories of mutation types ( Table 2) .
The current age of cases with low-energy fractures was significantly higher than that of cases without low-energy fractures, 32 (8 -61) y and 16 (6 -55) y, respectively, p ϭ 0.039. There was no relation to age distributions among the different mutation types. In all four groups, 50% of cases were older than 30 y (data not shown). Patients with RTT had significantly lower p-25-OH vitamin D levels during summertime but not during wintertime when compared with healthy controls (Table 6 ). In total, 21% (3 of 14) of cases and 24% (7 of 29) of controls with fractures had current p-25-OH vitamin D levels below 50 nmol/L, p ϭ 1.000.
Validation of questionnaire items regarding possible fracture risk factors showed no difference between first and later given answers. Kappa coefficients, were all 1.00, except the value regarding fall tendency, ϭ 0.71 (95% CI, 0.43-0.99). Concerning low-energy fractures, significant associations were shown for ability to walk, stand, sit, and never having learned to walk, but no associations were found regarding falls, a diagnosis of epilepsy, current seizures, or current or past treatment with AED (Table 7) .
DISCUSSION
The most striking finding in this study was the significant increased OR for low-energy fractures among patients with RTT. In total, 12 of 61 Rett cases experienced 19 low-energy fractures, whereas 8 of 122 controls had 9 low-energy fractures. Controls experienced significantly more high-energy fractures compared with cases. This is the first time fracture mechanism is described within RTT.
As shown earlier (8, 9, (22) (23) (24) , we also found a greater frequency of lower limb fractures within RTT and more upper limb fractures among controls. Vertebral fractures were not common in our study, because we only identified vertebral fractures in our oldest patient aged 60 y.
Previous results report that the most commonly fractured region in normal children is the forearm (22) (23) (24) and that fractures in childhood often are due to sport and playing activities involving mild-moderate trauma (22, 25, 26) .
The profile of low-energy fractures among patients with RTT is in accordance with shown associations to current mobility and weight bearing status. Significantly, more fractured patients in our study were not walking, standing, and sitting independently compared with nonfractured patients. Furthermore, the occurrence of low-energy fractures was significantly associated with never having walked. This is in accordance with a 2-fold increase as to the first fracture event found among nonambulant patients in an Australian Rett population (9) .
However, we did not find an association between lowenergy fractures and ever having walked independently. This might be confounded by the lack of fall tendency in our study, as most patients with RTT never fell. As a group, patients with RTT have reduced mobility (27) , live in a protected environment, and are seldom left unattended. They may not be at true risk of falling when standing and walking.
The validation of questionnaire-derived fracture risk factors in terms of reliability was based on a rather small number (16%), but despite uncertainty within smaller samples, the high values of the kappa coefficients indicated an acceptable level of intrarater agreement among cases.
Frequent low-energy fractures have been documented in other severely handicapped groups such as patients with cerebral palsy, who also show a predominance of fractures in the lower limb (28, 29) and significant associations between fracture occurrence and decreased ambulatory status (30) .
In this study, we could not confirm an overall increased occurrence of fractures among the Danish patients with RTT. Only 14 of 61 patients sustained at least one fracture. However, the observed fracture occurrence among cases in our study is based on minimum numbers. Older cases may have sustained fractures unknown to current nonparental caregivers or too early to be registered in the NPR. Life-long medical records could not be retrieved for the oldest cases. Furthermore, only fractures with an assumed high degree of correct diagnosis were included.
A combination of register search and questionnaire reported data seemed to be relevant in our retrospective study, because fractures registered in the NPR were not always apparent from the questionnaire and vice versa. Among controls, 3 of 23 fracture events registered in the NPR were not reported in the questionnaire, and conversely 10 of 33 reported fracture events were not registered in the NPR. Of these, 6 of 10 fracture events occurred before registration in the NPR was complete and valid from 1977 to 1778.
To date, only one study has examined fracture incidence in a Rett population compared with the general population (8) . The study showed a 4-fold increased risk of fractures within RTT with a calculated incidence of 433 fracture events per 10,000 person years.
Our study has the strength of a sex, age, and pubertal/ menopausal-matched control group. We find that our control data are comparable with other studies (24, 31) . We calculated the occurrence of fracture events per 10,000 person years to be 180 for cases and 135 for controls, as estimated from a median age of 20 y in both groups in our study. An incidence of 189 per 10,000 person years of fracture events in the background population was recorded for both sexes in another area of Denmark in 2003 based on emergency room contacts (31). Regarding females, fracture incidence was 103 per 10,000 person years among healthy females younger than 18 y in a British population (24) . Most fracture events occurred before the age of 15 y for both groups in our study. In the background, population fractures peak in youth and in the elderly (32) .
According to Australian data, patients with RTT have a fracture risk of 38 -42% by the age of 15 y (8, 9) . Among healthy children, one study found that 40% of girls sustained fractures throughout growth (23) . These data indicate that comparison of fracture risks and incidences rates within RTT is relative. Furthermore, fracture occurrence may not be comparable because of the different fracture mechanisms.
Predominance of childhood fractures within RTT implies that bone modeling may be affected. A histomorphometric study of four girls with RTT suggested a slow rate of bone formation (33) .
However, having sustained a low-energy fracture at an early age did not necessarily affect the chance of achieving older age, because cases with low-energy fractures were currently older than cases without low-energy fractures. Furthermore, the age difference could not be explained by overrepresentation of specific mutation types. We had a rather large proportion (42.6%) of patients with RTT older than 25 y in our study, which is in accordance with estimates of longevity into middle age within Rett populations (34, 35) .
We found no association between the mutation types and fracture distribution in our study, in contrast to an Australian study demonstrating a 3-fold increased fracture risk specific for patients with RTT with a p.R270ϫ mutation compared with patients with RTT with no mutation. The lack of association in our study may be caused by the actual number of different MECP2 mutations, even though our mutation type distributions as to early and late truncated mutations for NLS, C-terminal mutations, and missense mutations were almost identical to the Australian study (8) . A weakness of both studies is the lacking information regarding X-chromosome inactivation (36, 37) . The issue regarding genotype and fracture occurrence within RTT and the role of bone metabolism being targeted by MeCP2 are in need of further studies. In general, a diagnosis of epilepsy and use of AED have been reported to be related to fracture occurrence (38, 39) , but the issue is debated (40 -42) .
We found no association between epilepsy, antiepileptic treatment, and fracture occurrence among our patients in contrast to others (8, 9, 16) .
Lacking of associations within our dataset might be explained by a high total proportion (47 of 61) of patients with RTT with a diagnosis of epilepsy ever. In an American cohort (43), a lower proportion of 60% was found and it decreased to 48% when estimated by a physician. Epileptic seizures might be misdiagnosed within RTT (44, 45) .
Regarding vitamin D status, our findings showed a significant lower level of vitamin D among cases compared with controls during summertime but not during wintertime. The reason for this could be lack of sunshine exposure for patients with RTT during the summer. For comparison, vitamin D Ͻ50 nmol/L during winter has been estimated for 50% of normal blood donors in Denmark (reference population, Clinical Biochemical Department, Århus Hospital) (46) . Our data imply a need for all year supplementation.
A low level of vitamin D is known within RTT (11, 14) . Vitamin D status should be evaluated in these patients, because vitamin D deficiency is associated with proximal myopathy and reduced mineralization of the bones (47) . Sparse literature can be found concerning children and young adults, but proximal myopathy and reduced bone strength would be problematic in our Rett population because of the increased occurrence of low-energy fractures especially of the femur and humerus.
Early and continuous weight bearing, mechanical loading, and daily physical activity is expected to be important to modify muscle functioning within RTT and stimulate bone modeling, growth, and strength.
In conclusion, we found no increased overall fracture occurrence among Danish patients with RTT compared with our control group, but the fracture mechanism was significantly different. Patients with RTT sustained low-energy fractures in the lower limb at an early age from normal daily activity.
Reduced current mobility and lack of ambulation at any point of life was associated with a fracture history. Increased knowledge of bone pathology and fracture prevention within RTT is important and should be addressed in future studies.
